Amenamevir (formerly ASP2151) induces cytochrome P450 (CYP)2B6 and CYP3A4 and inhibits CYP2C8. We conducted 2 studies, 1 using montelukast as a probe to assess CYP2C8 and the other bupropion to assess CYP2B6. The montelukast study examined the effect of amenamevir on the pharmacokinetics of montelukast in 24 healthy men: each subject received montelukast 10 mg alone, followed by montelukast 10 mg with amenamevir 400 mg, or vice versa after a washout period. In the bupropion study, 24 subjects received a single dose of 150 mg bupropion on days 1, 15, 22, and 29, and repeated once-daily doses of 400 mg amenamevir on days 6-15. 90%CI [78.85, 89.63]), with recovery after 1 week; the pharmacokinetics of the primary metabolite hydroxybupropion was unaffected. Thus, amenamevir increased plasma concentrations of montelukast and decreased those of bupropion, but it did not do so enough to require dose adjustment of coadministered substrates of either CYP2C8 or CYP2B6.
and clinical studies undertaken by Maruho (unpublished data held by the company). In healthy volunteers amenamevir was rapidly absorbed following single oral doses with maximum plasma concentration (C max ) 1.33-2.5 hours independent of dose. During repeated dosing, C max and the area under the concentration-time curve (AUC) decreased between the first dose (day 1), an intermediate dose (day 9) , and the last dose (day 16), suggesting autoinduction of metabolism, probably via cytochrome P450 (CYP)3A4/5. AUC and C max increased less than dose proportionally in dose-ranging studies. Plasma protein binding of 14 C-amenamevir in humans was about 75%, and t ½ about 7-8 hours. After a single oral dose of 200 mg 14 C-amenamevir, 74.6% of 14 C-radioactivity was recovered in feces. These data are consistent with later pharmacokinetic analyses of studies in healthy volunteers 4 and patients. 5 The metabolic profile of amenamevir was evaluated in vitro using pooled liver microsomes and cryopreserved hepatocytes of mouse, rat, rabbit, dog, and human origin. The major human metabolite was a monohydroxy derivative (AS1955888-00, Mo4, R5), which was also detected in all other species tested.
CYP isoforms involved in amenamevir metabolism were studied in vitro using human liver microsomes. Amenamevir's metabolism correlated significantly with CYP2B6, CYP2C19, and CYP3A4/5 activity. The correlation was strongest with CYP3A4/5 (0.9236 r 2 coefficient of determination, P < .0001), suggesting a major role for CYP3A4/5 in the metabolism of amenamevir, whereas correlation with CYP2B6 (0.3578 r 2 , P = .0144) and CYP2C19 was less marked (0.3489 r 2 , P = .0160). Correlation with CYP2C8 was weaker (0.1967 r 2 , P = .0853).
The potential for amenamevir to inhibit cytochrome metabolism was evaluated in vitro using human liver microsomes and CYP-selective substrates. Amenamevir had weak direct inhibitory activity against CYP2C8 (IC50 69 μmol/L) but no activity against CYP2B6 in the range of concentrations studied (0.1 to 100 μmol/L) (IC50 >100 μmol/L).
To investigate the potential of amenamevir to induce CYP2B6, CYP2B6 activity and gene expression were measured in human hepatocytes with or without pretreatment for 72 hours with amenamevir. After pretreatment with 2, 20, and 200 μmol/L amenamevir, CYP2B6 activity increased 1.4-, 1.9-, and 2.9-fold, respectively, and CYP2B6 gene expression increased by 1.9-, 4.5-, and 4.8-fold, respectively, compared with the negative control. Those results suggest that amenamevir has the potential to induce CYP2B6.
We report here 2 studies in healthy volunteers that were part of a series of investigations to elucidate potential interactions. Two probe substrates were selected: montelukast to investigate effects of amenamevir on CYP2C8 and bupropion to test effects on CYP2B6.
(1) Montelukast is an orally available leukotriene receptor antagonist used for the preventive treatment of asthma and seasonal allergic rhinitis. It is metabolized to its primary metabolite methylhydroxymontelukast (M6) via 36-hydroxylation by CYP2C8, which is also responsible for subsequent conversion to the secondary metabolite montelukast dicarboxylic acid (M4). CYP2C8 is thought to account for 70% to 80% of montelukast's metabolism in vivo, with most of the remainder accounted for by CYP3A4-mediated conversion to M5a and M5b metabolites: less than 0.2% is eliminated in urine. [6] [7] [8] [9] [10] [11] This, together with its benign safety profile, makes it an appropriate choice as a CYP2C8 probe in healthy subjects. (2) Bupropion is an orally available antidepressant and nonnicotine smoking cessation aid that is thought to exert its activity by reuptake inhibition of norepinephrine and dopamine and by noncompetitive antagonism of nicotinic acetylcholine receptors. 12, 13 It is metabolized in vivo to 3 primary active metabolites: hydroxybupropion, threohydrobupropion, and erythrohydrobupropion. Hydroxybupropion has around 50% of the activity of bupropion, but, as its C max is 4-7 times greater and AUC about 10-fold greater, it is responsible for most of bupropion's activity. 14, 15 Threohydrobupropion concentrations are about 5-fold greater than that of bupropion, and erythrohydrobupropion concentrations are similar to those of bupropion, but they are only 20% as potent as the parent. 16 Hydroxybupropion formation is closely correlated with CYP2B6 activity in human microsomes and with CYP2B6-specific Ndemethylation of S-mephenytoin and can be 95% inhibited by a CYP2B6-specific monoclonal antibody. Bupropion's other metabolites are formed independently of cytochrome activity. 17 Thus, measurement of hydroxybupropion formation can be used to investigate CYP 2B6 metabolism of bupropion.
The montelukast study (EudraCT no 2014-003955-73) lasted from December 2014 to April 2015, and the bupropion study (EudraCT no 2014-004656-59) from February to April 2015.
Subjects
Each study recruited the planned number of 24 healthy male volunteers aged 18-45 years, deemed healthy on the basis of medical history, medical examination, vital signs, electrocardiogram, laboratory safety tests on blood and urine, and urine tests for drugs of abuse ( Table 1) . During the study, smoking, alcohol, caffeine, all enzyme-inducing foodstuffs, and concomitant medications were prohibited. Subjects fasted overnight until a standardized light breakfast, which they finished 30 minutes before dosing. No food or drink was then allowed until 4 hours after dosing. Subjects took standard meals and drinks at 4, 10, and 24 hours after dosing and then at standard meal times on nondosing days. Safety tests on blood and urine, vital signs, and medical examination were done at appropriate intervals throughout each study.
Montelukast Study
This was a randomized, single-center, open-label, 2-way crossover drug-drug interaction study to investigate the effect of a single oral dose of amenamevir on the pharmacokinetics of a single oral dose of montelukast in 24 healthy men.
Each subject received montelukast 10 mg alone, followed 2 weeks later by montelukast 10 mg with amenamevir 400 mg, or vice versa; 400 mg amenamevir was selected because it was the projected therapeutic dose daily dose in Japan. Likewise, 10 mg montelukast was selected on the basis that it is the adult daily dose for treatment of asthma and seasonal allergies in adults and is well tolerated in healthy volunteers. 18 Subjects were resident on the ward from the afternoon of the day before dosing (day -1) until day 4 and subsequently returned to give blood samples for pharmacokinetic analysis at 7 and 14 days after their dose of amenamevir. Plasma samples for analysis of montelukast and methyl-hydroxymontelukast were obtained predose and at 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10, 12, 16, 20, 24, 30, 36, 48 , and 72 hours after dosing. Subjects returned for a final follow-up visit about 30 days after their last dose.
Bupropion Study
This was a single-center, open-label drug-drug interaction study to investigate the effect of amenamevirmediated CYP2B6 induction on the probe substrate bupropion. Subjects received a single dose of 150 mg bupropion on days 1, 15, 22, and 29 and once-daily doses of 400 mg amenamevir on days 6-15 ( Figure 1 ). Subjects were resident on the ward on 3 occasions: from the day before the first dose (day -1) until day 19; from day 21 until day 26; and from day 28 until day 33. Subjects returned for an outpatient visit on day 36 and a final follow-up visit on day 45. Blood samples for assay of bupropion and hydroxybupropion were taken before each dose of bupropion and at 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 24, 36, 48, 60, 72, and 96 hours afterward (Supplementary Table S1 ).
Blood samples for assay of amenamevir were taken at predose on days 6-14, and before and frequently up to 24 hours after dosing with amenamevir on day 15.
Safety and Tolerability Assessments
Safety and tolerability assessments included adverse events, vital signs, 12-lead electrocardiogram, physical examination, and clinical laboratory tests.
Assays
Plasma concentrations of all compounds and metabolites were determined using validated liquid chromatography tandem mass spectrometry by Shin Nippon Biomedical Laboratories, Ltd (Tokyo, Japan) and Analytical Services International (London, UK). The lower limit of quantification (LLQ) was 5 ng/mL for amenamevir, 10 ng/mL for montelukast, 1 ng/mL for methyl-hydroxymontelukast, 2.5 ng/mL for bupropion, and 10 ng/mL for hydroxybupropion.
Blood samples for bupropion, hydroxybupropion, montelukast, and methyl-hydroxymontelukast were collected in lithium heparin tubes. Plasma was separated by centrifugation at ß1500g for 10 minutes at 4°C, then stored at -20°C or below until analysis by Analytical Services International as described below.
Blood samples for amenamevir and AS1955888-00 were collected in sodium heparin tubes and prepared as above before assay by Shin Nippon Biomedical Laboratories, as described by Adeloye et al. 19 
Bupropion
Preparation of Internal Standard and Calibrators. Bupropion, hydroxybupropion (calibrators), internal standard 1 (bupropion-d 9 ), and internal standard 2 (hydroxybupropion-d 6 ) were extracted from 100 μL of human plasma by protein precipitation. The internal standards were prepared by diluting 50 μL of bupropion-d 9 stock + 200 μL hydroxybupropion-d 6 stock with 20 mL acetonitrile + 20 mL deionized water to yield a final concentration of 125 ng/mL bupropion and 500 ng/mL hydroxybupropion. For calibration, a substock solution containing bupropion and hydroxybupropion was prepared by diluting 50 μL of bupropion stock (1 mg/mL) and 200 μL hydroxybupropion stock (1 mg/mL) in 20 mL of human plasma. Analytical Method. We then added to a 2-mL polypropylene tube 100 μL of calibrator or plasma sample, 50 μL of internal standard (125 ng/mL bupropion-d 9 and 500 ng/mL hydroxybupropion-d 6 ), 200 μL precipitating agent (acetonitrile), and 200 μL of deionized water.
The sample was vortexed for 2 minutes before centrifugation and 150 μL supernatant was transferred to an autosampler tube and submitted to analysis by liquid chromatography tandem mass spectrometry.
HPLC Conditions. The analytic column was an Onyx Monolithic C18 column (100 mm × 3 mm) (Phenomenex, Torrance, California). The mobile phase comprised methanol 1000 mL, deionized water 1000 mL, plus 10 g ammonium formate. Elution was isocratic at a flow rate of 300 μL/min. MS Settings. An Applied Biosystems (Foster City, California) API4000 mass spectrometer was used with turbo ion spray and positive ionization. Mass ratios were 240.0/184.0 amu for bupropion, 249.0/185.0 amu for the bupropion standard, 256.0/167.0 amu for hydroxybupropion, and 282.0/130.0 amu for the hydroxybupropion standard.
Variability. Variabilities of bupropion and hydroxybupropion determinations are shown in Table 2 .
Montelukast
Preparation of Internal Standard and Calibrators. Montelukast, montelukast 1,2-diol (calibrators), and montelukast-d 6 (internal standard) were extracted from 100 μL of human plasma by protein precipitation. Working solutions at a concentration of 1000 ng/mL were prepared by diluting an aliquot (25 μL) of stock solution (1000 μg/mL) with analyte-free plasma up to a final volume of 25 mL.
Analytical Method. We added to a 2-mL polypropylene tube 100 μL of calibrator or plasma sample, 25 μL of internal standard (montelukast-d 6 ), and 500 μL of precipitating solution (acetonitrile:methanol, 1:1). The sample was vortexed for 2 minutes before centrifugation. The supernatant was transferred into a polypropylene autosampler tube, and 10 μL was injected onto the high-precision liquid chromatography tandem mass spectrometer. Because the drug, metabolite and internal standard are all light sensitive, steps were taken to minimize exposure to light throughout. HPLC Conditions. The column used was a Monolith PR-18e column (100 mm × 3.0 mm). The mobile phase comprised 1000 mL acetonitrile, 1000 mL deionized water, and ammonium formate 5 g. Elution was isocratic at a flow rate of 300 μL/min. MS Settings. An Applied Biosystems API4000 mass spectrometer was used with turbo ion spray and positive ionization. Mass ratios were 586.4/422.1 amu for montelukast, 592.3/427.1 amu for the motelukast standard, 602.4/438.0 amu for montelukast 1,2-diol, and for hydroxybupropion, and 592.3/427.1 amu for the montelukast 1,2-diol standard.
Variability. Variabilities of montelukast and montelukast 1,2-diol are shown in Table 3 .
Sample Size
A sample size of 24 subjects for the montelukast study was selected based on a statistical power calculation. From published studies, estimates of between-subject percentage coefficient of variation (%CV) for C max and AUC 0-Ý were 20% to 30%. 7 Statistical power was estimated by 10,000 simulations using the model below. The model included treatment (montelukast in combination with amenamevir and montelukast alone), sequence, and session as fixed effects and subject as a random effect.
Given a %CV of 25, a true mean ratio of 1.0, and an acceptance limit of 80% to 125% for 90%CI, a sample size of 24 subjects would provide at least 86% power to detect an interaction, as defined by the criteria above. In practice, within-subject variability was likely to be less than between-subject variability.
A sample size of 24 subjects was selected for the bupropion study based on a statistical power calculation. Two previous studies of single doses of 150 mg bupropion gave within-subject estimates of %CV for C max and AUC 0-Ý between 15% and 30%. 20, 21 Statistical power was estimated by simulation (the number of simulations was 10,000) using the model below. The model included treatment (bupropion in combination with amenamevir and bupropion alone) as a fixed effect and subject as a random effect. ln (PKparameter) ij = Treatment i + Subject j + ε ij Given a %CV of 22.5 (the average of 15% and 30%), a true mean ratio of 1.0, and an acceptance limit of 80% to 125% for the 90%CI, a sample size of 24 subjects would provide 93% power.
Pharmacokinetic and Statistical Analysis
Pharmacokinetic parameters were calculated using WinNonlin (Certara, Princeton, New Jersey) version 6.3. Interactions were tested using an equivalence analysis.
To assess the effect of amenamevir on montelukast, montelukast in combination with amenamevir was compared with montelukast alone. The AUC 0-Ý and C max were logarithmically transformed and subjected to ANOVA with treatment (montelukast alone or montelukast in combination with amenamevir), sequence, and session as fixed effects and subject as a random effect. Absence of a clinically significant effect of amenamevir on the pharmacokinetics of montelukast was concluded if the 90%CI for both AUC 0-Ý and C max ratios fell within the prespecified interval of 80% to 125%. To assess the effect of amenamevir on methylhydroxymontelukast, montelukast in combination with amenamevir was compared with montelukast alone using the method described above.
To assess the effect of amenamevir on CYP2B6 activity, bupropion in combination with amenamevir (Test) was compared with bupropion alone on day 1 (Reference). Briefly, AUC 0-Ý and C max were logarithmically transformed and subjected to ANOVA with treatment (bupropion alone or bupropion in combination with amenamevir) as a fixed effect and subject as a random effect. The least-squares mean of the treatment difference and its 90%CI, were transformed to the original scale in order to obtain the mean AUC 0-Ý and C max ratios (bupropion in combination with amenamevir relative to bupropion alone). Absence of a clinically significant drug-drug effect of amenamevir on bupropion was concluded if the 90%CI for both AUC 0-Ý and C max ratios fell within the prespecified interval of 80% to 125%. To assess the effect of amenamevir on hydroxybupropion, bupropion in combination with amenamevir (Test) was compared with bupropion alone (Reference) using the method described above.
To assess the recovery of CYP2B6 activity, the effect of amenamevir on bupropion was assessed on days 22 and 29 using the method described above. The 95%CIs for the difference in means (day 22 vs day 1 and day 29 vs day 1) were used to determine how long it took for CYP2B6 activity to return to normal.
Results

Montelukast Study
Mean age, weight, and body mass index were similar across treatment sequences. There were no notable differences in race, ethnicity, or the subjects' usual cigarette smoking or alcohol intake habits.
From about 1 hour after dosing until 30 hours postdose, mean plasma concentrations of montelukast were about 1.2-fold higher when montelukast was coadministered with amenamevir than when given alone ( Figure 2, Supplementary Table S1 ). After both treatments, mean montelukast plasma concentrations approached LLQ at 24 hours after dosing, and were below the limit of quantification by 30-36 hours after dosing.
At all time points from 1 to 30 hours after dosing, mean plasma concentrations of methylhydroxymontelukast were 1.2-to 2.2-fold higher when montelukast was taken with amenamevir than when given alone (Figure 3, Supplementary Table S2 ).
Both after montelukast alone and combined with amenamevir, mean methyl-hydroxymontelukast plasma concentration approached LLQ at 20 hours after dosing, and was below the limit of quantification by 36-48 hours after dosing.
Both C max and AUC 0-Ý of montelukast increased significantly, by about 22% (Tables 4 and 5 The elimination half-life of montelukast was slightly increased, and apparent total body clearance was slightly reduced after coadministration of amenamevir (neither was statistically significant). Overall, 7 subjects (29.2%) reported 9 adverse events (AEs): each of those subjects reported an AE after 10 mg montelukast alone, and 2 subjects (8.3%) also reported an AE after 10 mg montelukast with 400 mg amenamevir. Most AEs occurred at least 72 hours after dosing, and only 1 subject required concomitant medication within 72 hours after dosing (paracetamol for pharyngitis).
All AEs were of mild or moderate intensity. Moderate AEs were more frequent after 10 mg montelukast alone (16.7% of subjects) than after 10 mg montelukast with 400 mg amenamevir (4.2% of subjects). Mild AEs were reported by more subjects (12.5%) after 10 mg montelukast alone than after 10 mg montelukast with 400 mg amenamevir (4.2% of subjects).
Bupropion Study
From about 2 to 6 hours after dosing, mean plasma concentrations of bupropion were lower when bupropion was taken with amenamevir than when it was taken alone, whether on day 1 (before amenamevir had been given), or on days 22 and 29 (a week or more after repeated amenamevir dosing had ended (Figure 4 , Supplementary Table S3) .
After all treatments, mean bupropion plasma concentrations were approaching the LLQ at 36 hours after dosing and were below LLQ by 96 hours after dosing.
Plasma concentrations of bupropion after a single 150-mg dose were about 16% lower after 10 days' dosing with amenamevir than when it was given alone, as evidenced by the reduction in both C max and AUC 0-Ý to about 84% (84.29%, 90%CI [78.00, 91.10]; 84.07%, 90%CI [78.85, 89.63], respectively) ( Table 6 ). Plasma concentrations then recovered to pretreatment levels on days 22 and 29.
Bupropion concentrations on day 22 were similar to those on day 1 (ratio 104.07, 95%CI [94.74, 114.32]), indicating that the induction of CYP2B6 by repeated doses of amenamevir had remitted by 1 week after the last dose of amenamevir (Table 7) . Figure 5 shows the mean plasma concentrations of hydroxybupropion plotted against time. On day 1, the AUC of the primary metabolite hydroxybupropion was about 15-fold that of the parent molecule (Table 8) . Coadministration of amenamevir with bupropion had no significant effect on plasma concentrations of hydroxybupropion.
Median time to peak concentration of bupropion was 3 hours on days 1, 15, 22, and 29 (Table 9 ). Mean t ½ was shortened by amenamevir on day 15 by around 2 hours compared with that on day 1; consistent with that finding and with the reduction in AUC of bupropion, apparent total body clearance of bupropion was slightly higher when given with amenamevir than when given alone.
Overall, 12 subjects (50.0%) reported AE. Headache was the most frequently reported AE. Cannula site pain, rhinitis, back pain, and anxiety were reported by 2 subjects each. No other AE was reported by more than 1 subject.
Discussion Montelukast
Coadministration of amenamevir with montelukast caused a 22% increase in both C max and AUC of montelukast. The data failed to exclude a clinically significant drug-drug effect because the 90%CI of the log ratio montelukast versus amenamevir plus montelukast did not fall within the range 80% to 125% for both C max and AUC. The increase in C max is consistent with a reduction in first-pass intestinal and hepatic extraction. Apparent clearance and t ½ showed a trend toward reduction in rate of elimination of montelukast. Our results are consistent with the in vitro finding that amenamevir is a weak inhibitor of CYP2C8. An increase of 22% in plasma concentration of a drug that is a substrate of CYP2C8 would be of importance only for medicines with a very narrow therapeutic window, so reduction of the dose of concurrent medication is unlikely to be necessary in clinical practice. Coadministration of amenamevir with montelukast was associated with a mean 22% increase in plasma C max and AUC of montelukast's major metabolite, methyl-hydroxymontelukast. That increase mirrored the 22% increase in C max and AUC of parent montelukast and is likely due to the metabolite also being dependent on CYP2C8 for subsequent conversion. Thus, rather than concentration decreasing as might be expected, it increased in parallel due to inhibition in a manner consistent with the effect on the parent compound.
Montelukast is metabolized not only by CYP2C8 but also by CYP3A4, of which amenamevir is both a substrate and inducer. However, CYP2C8 is believed to account for about 80% of montelukast's metabolism: inhibition of CYP2C8 by gemfibrozil increases the AUC of montelukast 4-fold. 9 The same study also showed that inhibition of CYP3A4 by itraconazole did not affect the metabolism of montelukast, in contrast with later findings 7, 9 : in 1 study, inhibition of CYP3A4 increased AUC of montelukast by 144%. 7 Thus, current evidence is contradictory, but it is certainly conceivable that induction of CYP3A4 activity by amenamevir might reduce plasma concentrations of montelukast. However, amenamevir was given only as a single dose together with a single dose of montelukast in this study, and it is unlikely that CYP3A4 induction by amenamevir could have developed quickly enough to have influenced the results.
In respect to safety and tolerability, both single and combined dosing were equally well tolerated in the healthy men in this study.
Bupropion
Amenamevir 400 mg once daily for 10 days decreased both C max and AUC 0-Ý of bupropion by about 16%. The results did not exclude a significant effect of amenamevir on bupropion exposure, as the 90%CI of the least-squares geometric mean ratios (bupropion with amenamevir to bupropion) of C max and AUC 0-Ý did not fall within the prespecified interval of 80% to 125%. At 1 and 2 weeks (days 22 and 29) after the final dose of amenamevir, C max , and AUC 0-Ý of bupropion were similar to those on day 1, indicating that CYP2B6 activity had returned to pretreatment levels within 1 week after the last amenamevir dose. That is consistent with the observation that even extensive induction of CYP2B6 by rifampicin is fully reversed by 2 weeks after cessation of rifampicin treatment. 22 Prior treatment with amenamevir 400 mg once daily for 10 days did not affect C max or AUC 0-Ý of hydroxybupropion, which is bupropion's main metabolite. Because amenamevir treatment did reduce AUC 0-Ý of bupropion parent drug, there was a small change in the ratio of AUC 0-Ý for hydroxybupropion:bupropion; before amenamevir the ratio was 15.2; after treatment with amenamevir, the corresponding ratio was 17.7. Those results are consistent with the findings of Laizure et al, who showed that the more powerful induction of CYP2B6 by rifampicin reduced AUC 0-Ý of bupropion by 3-fold, but doubled AUC 0-Ý of the hydroxybupropion metabolite. 15 The minor reduction (by 16%) in plasma concentrations of bupropion, coupled with no change in concentrations of the active metabolite hydroxybupropion, would be unlikely to warrant dose adjustment when amenamevir is coadministered with CYP2B6 substrates.
Our AE data showed that repeated doses of 400 mg amenamevir, given alone or with a single dose of 150 mg bupropion, were well tolerated in healthy men.
Conclusions
The minor increase (22%) of the concentration of montelukast and the similarly marginal reduction (16%) in plasma concentration of bupropion suggest that dose adjustment is unlikely to be necessary when amenamevir is coadministered with CYP2C8 or CYP2B6 substrates.
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